Abstract. This paper proposes a novel indoor positioning algorithm using visible light communications (VLC). The algorithm is implemented by preinstalled light-emitting diode illumination systems. It recovers the VLC channel features from illuminating visible light and estimates receiver locations by analytically solving the Lambertian transmission equation group. According to our research, the algorithm is able to provide positioning resolution higher than 0.5 mm, in a practical indoor environment. The performance significantly exceeds conventional indoor positioning approaches using microwaves.
Introduction
Due to concerns over energy efficiency, a consensus has been emerging over time that light-emitting diode (LED) will be the future desired lighting source. Compared to traditional light sources, LED offers many advantages such as long life expectancy, brightness efficiency, and environmental friendliness. Moreover, as a semiconductor light-emitting device, LED is easy to modulate at relatively high rates for other than lighting applications. 1, 2 The Global Positioning System (GPS) is the most popular positioning system in the world; however, its performance is substantially limited in indoor environments, because of the significant power attenuation when electromagnetic (EM) waves pass through ceilings and walls. Consequently, most existing indoor positioning approaches are based on short-range indoor wireless communication techniques.
There are two categories of indoor positioning methods. [3] [4] [5] [6] The first kind is based on microwaves, including wireless local area network (WLAN), Bluetooth (BT), radiofrequency identification (RFID), and ultra-wide band (UWB). Because of the impacts of EM interference, noise, stability, and other factors, these methods could only provide positioning accuracy of tens of centimeters. 7 The other kind is based on optical tracking and imaging. This method can provide good positioning accuracy of a few millimeters; however, it costs more in infrastructure and involves complex image processing.
This paper proposes a method of indoor positioning leveraging preinstalled LED illumination systems. The method recovers channel characteristics from the incident light and estimates receiver location by analytically solving the Lambertian equation group. On one hand, as visible light is free from EM interferences, this method provides much higher resolution than microwave systems, to 0.5 mm. On the other hand, it works on existing illumination infrastructures and requires no image processing technique; thus the cost is lower compared with the imaging method. To sum up, this method will be a strong candidate for indoor localization for its performance and cost advantages.
The rest of the paper is organized as follows: we will introduce the algorithm and the corresponding system in Sec. 2; demonstrate and discuss our research results in Sec. 3; and draw conclusions in Sec. 4.
2 Design, Operation, and Algorithm
System Design
The illumination lights are always installed in a specific layout, for instance the rectangular grid shape as shown in Fig. 1(a) . We pick up an elementary unit, the cuboid as shown in Fig. 1(b) , spanned by four LEDs, to apply our algorithm. When the positioning algorithm is researched within one unit, the results can be straightforwardly extended to all other units, thus covering the entire area.
Suppose the user, or mobile terminal (MT), is placed at an arbitrary location in the unit, facing vertically upward. The light sources LED i ði ¼ 1; 2; 3; 4Þ transmit signals to the user via visible light. As the radiation follows a Lambertian pattern, the impulse response from LED i to the MT is. 8, 9 h i ðtÞ ¼
when the four lights are modulated by s i ðtÞði ¼ 1; 2; 3; 4Þ, respectively. The signal received by the MT is
where n is the mode number of the radiation lobe that specifies the source directionality; ϕ i is the angle between source orientation vector and the vector pointing from source to receiver; θ i is the angle between receiver orientation vector and the vector pointing from receiver to source; is the receiver area; FoV is the field-of-view of the receiver; R i is the distance between the source and receiver; is the speed of light; P 0 is the power emitted by each LED.
In this paper, we consider that the LEDs are of first-order Lambertian pattern, which is the most common case of general illumination LEDs; the receiving angle is always smaller than FoV. One can safely ignore the difference of impulse delay, as it is of nanosecond scale while the system is designed to work at tens of kbps. The received signal becomes
Channel Features Recovery
The lights are individually modulated by their location information, as positioning references to the MT. However, the signals sent from different sources are mixed in the air interface. We need to retrieve individual signal and the corresponding channel features. The time division multiplexing (TDM) method is developed to achieve this goal. All sources transmit synchronized frames periodically. In one frame period, the i-th LED is assigned a specific time slot between T i−1 and T i , in which it sends its encoded location information. We encode X, Y, Z coordinates of the LED into three 16-bit RZ codes, respectively, as sðtÞ and OOK modulation is applied. In this slot, since high and low light intensity are emitted with equal probability, the average power is
2 . In other slots, the source emits constant high light intensity for only an illumination purpose. The average powers of these slots are P 0 . The frame structure is given by Fig. 2 .
Based on the mixed signal, r MT ðtÞ and s i ðtÞ can be straightforwardly obtained by sampling in a specific slot. To retrieve h i is more challenging, due to power mix-up. For this reason, we intentionally designed the frame structure to keep transmission power stable, regardless of the content of the location codes. By this method, we develop an algorithm to calculate the channel features as
Positioning Algorithm
Based on the h i and s i ðtÞ obtained from Sec. 2.2, we can derive the MT location. We decode the X, Y, Z coordinates of LED i from s i ðtÞ and define them as ðL ix ; L iy ; L iz Þ. The coordinates of the MT are unknown and are notated by ðM x ; M y ; M z Þ. Placing these into Eq.
(1), we obtain
For computational convenience, we rewrite Eq. (5) as
where K is a constant defined as
Since L iz is always greater than M z , we can remove the absolute symbol of jL iz − M z j.
For values i ¼ 1, 2, 3, 4, we obtain an equation group about user locations. Solving the equation group by matrix operation, we have Zhou, Kavehrad, and Deng: Indoor positioning algorithm using light-emitting diode : : :
The solution ðM x ; M y ; M z Þ is the estimated three-dimension (3-D) user location coordinates. Error is defined by the Euclidean distance between the estimated position and the real, as:
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. We therefore refer to estimation as 2-D estimation by default. 3-D estimation will be analyzed later in the paper.
Results and Discussion

Test Parameters
The environment is assumed as a 3-m-tall large indoor plaza. LED lights are installed in a rectangular grid shape layout, with neighboring distance of identically 3 m. The elementary positioning unit becomes a 3 × 3 × 3 m cuboid, with four LEDs on the ceiling corners.
All LEDs have an identical half-power angle of 60 deg and emitting light intensity of 680 l m. The floor is divided into a 30 × 30 grid, while each element of the grid indicates a test spot. We assume the MT is at 1 m height on each test spot. Camera area is 1 cm 2 and its sensitivity is 1 A∕W. The receiver is facing vertically upward and FoV is 70 deg. The frame structure is described in Sec. 2.2. To sum up, there are 16 × 3 × 4 ¼ 192 bits in a frame. We want to average the received waveforms to mitigate the noise impact. Supposing frames repeat 50 times in a second for one test, the bit rate of the system shall be 192 × 50 ¼ 9600 ðbpsÞ, which is applicable to most commercial LEDs. 10 We evaluate the system performance under different noise levels. For largearea optical receivers, thermal noise is often negligible compared to shot noise. The shot noise is associated with the background light-induced current I bg . It can be modeled as Gaussian with a power spectrum density (PSD) of N 0 ¼ 2qI bg , where q is an electron charge. With Wolf's research, 11 in a 10 kbps system as we use, the shot noise ranges from −137.96 dbm W when the receiver is exposed to direct sunlight to −180.97 dbm W when only artificial light is applied. For convenience, we assume that the noise power in practical environment is between −140 and −180 dbm W.
Positioning Error and Distribution
Figures 3 to 5 show the 2-D positioning error distribution of this algorithm under the noise level of −140 dbm W (strong noise, direct sunlight exposure), −160 dbm W (moderate noise), and −180 dbm W (weak noise, artificial light exposure only). As we can see, in all cases, the large estimation errors exist at the near-corner areas of the unit and the error decreases as it approaches to the room center. That is because of the directionality of Lambertian transmission. When the user is near the corner, the received intensity from the diagonal source can be significantly degraded and is vulnerable to noise interferences. This will cause substantial positioning error when it is placed into matrix computation. We also noticed that the positioning error at the same location decreases 10 times as the noise decreases by 20 dbmW.
Figures 6 to 8 exhibit the positioning error distribution by histograms, at the three noise levels. When noise is strong, the positioning errors are widely spread from zero to 30 mm. This distribution tends to concentrate to zero, as noise reduces. The histograms are good explanations for the error spatial distributions. Based on the results, we believe that this algorithm is able to provide 0.5 mm positioning accuracy in a weak noise environment; even in strong noise, the accuracy can be guaranteed to tens of millimeters. Mean of positioning error is another measure of the approach. Figure 9 depicts the average 2-D positioning error in the unit at different noise levels. From the figure, we observed a dramatic drop of average positioning error. In a practical environment (noise power starting from −140 to −180 dbm W), the average error is below 7.3 mm and it decreases to below 0.5 mm at −163 dbm W.
Positioning Error Outage
Instead of the positioning error for specific locations, we are interested in what fraction of the room area is able to provide positioning error below certain criteria. We use outage probability to indicate the partition of the whole area, where positioning error is greater than the threshold. Figure 10 is the simulation results of positioning error outage, with respect to decreasing noise power. Thresholds are from 0.5 to 500 mm. As we can see, the outage decreases with noise power and converges to zero. In the worst practical environment, where the receiver is directly exposed to sunlight, the probability of positioning error greater than 50 mm is nearly zero percent. That means all of the room area provides positioning resolution of 50 mm. If we track other curves in the figure, we will find that the outage probability of 25, 10, 5, and 0.5 mm reaches zero at −148, −155, −163, and −180 dbm W, respectively.
Impact of Receiver Height
In our simulations, users are placed at the same height. We are interested in determining whether the receiver height impacts the positioning error. The simulation was repeated at different receiver heights (0.6 m, 0.8 m) and the error outage result is shown in Fig. 11 . For the same outage threshold, we observe an excellent match of the curves representing different receiver heights. The result indicates that positioning error is not substantially impacted by receiver height.
Impact of Transmitting Power
To explore the impact of the LED transmitting power on system performance, we repeated the simulation with differing transmitting power P 0 , as shown in Fig. 12 . We increased P 0 from 1 W to 10 W by every 1 W and observe the outage probability of 0.5 mm resolution. We found a significant outage probability decrease as the transmitting power increases. When P 0 increases every two times, the corresponding outage curve shifts by 6 db and when P 0 increases by 10 times, the curve shifts by 20 db. Through further observations, we found that increasing transmitting power improves noise tolerance. Furthermore, it is reasonable to make the statement that increasing transmitting power by a factor of X improves noise tolerance by approximately 20 logX because it keeps signal-to-noise ratio (SNR) constant. The simulation results support this statement well. The reason the improvement is 20 logX rather than 10 logX is that the SNR is quadratically proportional to the transmitting power and the inverse of the noise power, in VLC systems. This is substantially different from conventional RF systems.
Comparison of 2-D and 3-D Positioning
In some cases, users also need the height information for certain purposes, for instance automatically positioning items in storage stacks. 3-D positioning errors are similar to 2-D in spatial error distribution pattern and the noise vulnerability features. We focus only on the difference between the two. Zhou, Kavehrad, and Deng: Indoor positioning algorithm using light-emitting diode : : :
Conclusions
The paper proposes a novel visible light indoor positioning technique, by solving the Lambertian transmission equation group. According to our results, this method reduces positioning error to less than 0.5 mm, as the state-ofthe-art microwave indoor positioning can only reduce the error to tens of centimeters. Our research also shows that the performance of this approach is not impacted by receiver height. Moreover, this method provides not only conventional 2-D position information, but also 3-D information.
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